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INTRODUCTION

The overall goal of this collaboration between the Naval Postgraduate
School and the University of Maryland is scientific contributions to the
development of a MW-class free electron laser (FEL) for naval applications.
During the 8 years that we worked on this project, we published 19 papers on our
research results, our students produced 21 Master of Science in Physics theses
and 2 Physics Ph.D. dissertations, and we gave 26 presentations at 11
international conferences and symposia.

Over the course of this project, we simulated various existing free electron
lasers (FELSs), including the Jefferson Lab (JLab) 10kW oscillator FEL and the
Brookhaven amplifier FEL. @ We made predictions and comparisons to
experimental results, with good agreement in each case. We developed designs
for high-power FELSs, including 100 kw and MW-level amplifiers and oscillators.
We found feasible sets of parameters for these designs, which formed the basis
for the recently approved Innovative Naval Prototype (INP). We did system
analysis studies of ship-based FEL weapons, including power requirements and
integration with other weapon systems such as railguns.

An important aspect of our research has been the design of short-
Rayleigh length (SRL) optical cavities for high-power FEL oscillators, to reduce
the optical intensity on the cavity mirrors. At the outset of this project, we
predicted that, contrary to conventional wisdom in the FEL community, the weak-
field gain and steady-state power should not fall off significantly for extremely
short Rayleigh lengths.  These predictions were recently confirmed by
experiments at JLab.

A major concern for SRL cavities is the stability of the optical mode, and
sensitivity to tilts and shifts of the mirrors and electron beam. Simple cold-cavity
theory predicts that an SRL FEL could be highly sensitive to such misalignments,
but our simulations have shown that the gain medium, the electron beam, tends
to stabilize the optical mode, significantly reducing the system sensitivity to
misalignments. These results were also confirmed by experiments at JLab. We
have used our simulations to establish tolerances for tilts and shifts of the mirrors
and electron beam for various high-power FEL designs. The expected
tolerances have been readily achieved in laboratory experiments using active
alignment mechanisms.

A laser weapon system on a Naval platform would be subject to vibrations
from various sources. Since these vibrations tend to occur on acoustic
timescales (milliseconds), whereas the interaction of the electron and optical
pulses occur on much shorter timescales (microseconds to nanoseconds), we
can simulate the effects of vibrations using static misalignments. In addition to
mirror and electron beam tilts and shifts, we have also considered the effects of



misaligned quadrupole magnets along the electron beam path. Again the
tolerance limits that we established are well within the range of what can be
achieved using active alignment.

Another issue that we studied is the distortion of the optical mirrors, such
as astigmatism, that can occur in high-power FELs. We simulated the effects of
these distortions, and compared the results to JLab experiments, with good
agreement. We also developed methods for modal analysis of the optical beam,
using Hermite-Gaussian and Laguerre-Gaussian basis sets, which could be
useful for optical transport calculations in designing FEL weapon systems.

To accomplish all these tasks, we have made significant improvements in
our FEL simulation models. This includes the development of new, parallelized
3D and 4D models that run on a cluster computer, and implementation of an
expanding coordinate system to follow the rapid diffraction of the optical beam in
an SRL FEL. These new models have been tested and benchmarked by
comparison to theoretical formulas, simpler 1D and 2D models, and experimental
results. We also developed a ray analysis of SRL optical modes, as an
alternative to our wavefront propagation models.

Finally, it should be emphasized that this research project has contributed
significantly to the education of numerous U.S. Navy officers. Their participation
in this project has helped to teach them how FELs work, their various features
and design issues, and the potential advantages of incorporating them into naval
weapon systems.

The remainder of this report consists of one-page summaries of each of
the papers, presentations, theses and dissertations that were produced over the
course of this project. At the top of each page, there is a reference or a web link
(where available) to obtain the complete article or presentation. Electronic
copies of NPS theses and dissertations can be obtained from the Defense
Technical Information Center, http://www.dtic.mil. Proceedings of FEL
conferences since 2004 can be obtained at http://www.jacow.org.
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Simulations of the TINAF 10kW free electron laser

R.D. McGinnis, J. Blau, W.B. Colson*, D. Massey, P.P. Crooker',
A. Christodoulou, D. Lampiris

Deparrment of Physics, Naval Postgraduate School, Monrterey, CA 93943, USA

Abstract

The TINAF Free Electron Laser (FEL) will be upgraded to operate at 10kW average power in the near future.
Multimode simulations are used to analyze the operation deseribing the evolution of short optical pulses in the far
infrared wavelength repime. In an FEL that recirculates the electron beam, performance can depend on the electron
beam distribution exiting the undulator. The effects of varying the undulator field strength and Rayleigh length of the
resonator are explored, as well as the possibility of using an optical klystron. The simulations indicate that the FEL
output power can reach the design goal of 10kW. © 2001 Elsevier Science B.V. All rights reserved.

FPACS: 41.60Cr

Keywords: Frec-electron laser: Klystron: Rayleigh length
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Simulations of the TINAF FEL with tapered and inversely
tapered undulators

A. Christodoulou?®, D. Lampiris®, W.B. Colson®*, P.P. Crooker™', J. Blau®,
R.D. McGinnis®, S.V. Benson®, J.F. Gubeli®, G.R. Neil®

* Physics Deparment, Noval Postgraduate School, 833 Dyer Road, Monterey, CA 93943, 'S4
B FEL Department, Thomas Jefferson National Aecelerator Facility, Newport News, VA 23606, USA

Abstract

Experiments using the TINAF FEL have explored the operation with both tapered and inversely tapered undulators.
We present here numerical simulations using the TINAF experimental parameters, including the effects of taper. Single-
moede simulations show the effect of taper on gain. Multimode simulations deseribe the evelution of short optical pulses
in the far infrared, and show how taper affects single-pass gain and steady-state power as a function of desynchronism.
A short optical pulse presents an everchanging field strength to each section of the electron pulse so that idealized
operation is not possible. Yet, advantages for the recirculation of the electron beam can be explored. @ 2001 Elsevier
Science B.V. All rights reserved.

PACS: 41.60Cr

Keywords: Taper: Inverse taper; Free-electron laser; Simmlation
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SIMULATIONS OF THE
100k TJINAF FEL USING
ASHORT RAYLEIGH
LENGTH
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ABSTRACT

* The TINAF FEL can be upgraded to 1006W avg power
= Short Rayleigh length can reduce mirror power density
= Use rultimode simulationsto model FEL interaction

= Explare effect of electron bearn radivg on gain, efficiency
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SIMULATIONS OF THE
100 kW TINAF FEL USING A STEP-
TAPERED UNDULATOR

. Blaw, V- Boamras, W8, Codscar,
A Faffomizo, £ Polebardriotis

Phyzics Departmant, Maval Postgradunte School
Moeteray, CA 93943, UISA
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ABSTRACT

# Wa prasent simulations of the TINAF FEL experiments
including the affacts of step-tapar.

#* Wea explore the effects of sep-taper on gain, power,
efficiency, and desynchronism.

# Investipate enargy spread for safe electron beam recirculation

# Comparicons ana mada o corventional periodic, linsarly and
gtep- tapared undulators.
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SIMULATIONS OF THE PROPOSED TINAF 100KW FREE
ELECTRON LASER AND COMPARISON WITH TJIJNAF
LOW POWER EXPERIMENTS
by
Konstantinos Polvkandriotis
December 2001

Thesis Advisor: William B. Colson
Co-Advisor: Robert I.. Armstead

Omne transitional step for the development of a 1 MW power directed energy
weapon 1s the proposed 100 KW upgrade of the Thomas Jefferson National Accelerator
Facility's Free Electron Laser (FEL). To mmprove the performance of the FEL. the use of
the step-taper undulator is explored. Steady-state gain. final steady-state power. and the
mnduced electron spread as a function of desynchronism and taper rates are determuned.
Comparisons are made to the conventional periodic and linearly tapered undulators. The
multimode simulations used showed that the TINAF 100kW FEL is feasible. Simulations
results with @ =10 show that the mverse step-taper undulator A =—7 achieved the
highest final power of 190 kW at a desynchronism value of & = 0.01. while maintaining
the induced energy spread well below the engineering limit. The validity of our results 1s
verified against experiments conducted mm the TINAF FEL facility. The simulations and

the expenmental data are in good agreement and consistent with analytic theory.

1.6%
A = —=
1.4% =
h ._,.-"‘ff g; —I:Izl:

12% ?\:‘wf!/ﬁﬁ i 100 kW goal
= o & = da
S 0.8% - i‘ 4 4
E - -J-I-l-_-_IIJI-
o 0.6%- =

0.4% ,7<_‘1h S L "}t.

L] 0.03 o1 013 0.z 0.235 0.3 0.33

desynchronism d

Figure 23. Efficiency 1) versus Desynchromizm d for Step-Taper, and Higher Q=10.
Power Above 100 kW for a Larger Bange of Tapers A =0, £m,£2m.

7



NUCLEAR
INSTRUMENTS
8 METHODS
IN PHYSICS
RESEARCH

ELSEVIER Nuclear Instruments and Methods in Physics Research A 483 (2002) 142-145 Suotor

swwss e eraann ovtiermime,

Simulations of the 100 kW TINAF FEL using a short
Rayleigh length

J. Blau®, T. Campbell®, W.B. Colson™*, 1. Ng®, W. Ossenfort®, S.V. Benson®,
G.R. Neil®, M.D. Shinn®

* Physics Department, Naval Postgraduate School, 833 Dyer road, Monterey, CA 93943, USA
b Free Electron Laser Department, Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA

Abstract

The TINAF FEL can be upgraded to operate at 100kW average power and then explore the use of a short Rayleigh
length in order to reduce the power density on the resonator mirrors. The short Rayleigh length can only work with a
relatively short undulator. Multimode simulations are used to self-consistently model the optical mode interaction with
the electron beam. The steady-state resonator mode is affected by the complex, non-linear electron beam evolution as
well as the resonator design. © 2002 Elsevier Science B.V. All rights reserved.

PACS: 41.60Cr

Keywords: Free-electron laser
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Fig. 1. Optical mode shapes for various Rayleigh lengths. By

reducing zp from 0.3 to 0.1, a 300% reduction in intensity is

experienced at the mirrors.
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Fig. 3. Weak field pain vs. electron beam radins for optinmm
vo. Small electron beam radivs and small Rayleigh length was
found to be beneficial. A larger electron beam is outside the
optical mode thus reducing pain.
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Simulations of the 100 kW TINAF FEL using a step-tapered
undulator

J. Blau®, V. Bouras®, W.B. Colson™*, K. Polykandriotis®, A. Kalfoutzos®,
S.V. Benson®, G.R. Neil®

 Physics Department, Naval Postgraduate School, 833 Dyer Road, Monterey, CA 93943, USA
® Free Electron Laser Department, Thomas Jefferson National Accelerator Facility, Newport News, VA 23608, USA

Abstract

The Thomas Jefferson National Accelerator Facility (TINAF) free electron laser (FEL) can be upgraded to operate
at 100 kW average power in the near future using a configuration that recirculates the electron beam to recover energy.
It is important to extract the maximum energy from the eleciron beam in a pass throuph the undulator while inducing
the minimum amount of exhaust energy spread. A larger energy extraction reduces the requirement for a large
recirculating current, while a smaller exhaust energy spread allows the intense electron beam to be recirculated without
damaging components. To improve FEL performance, we explore the use of the step-tapered undulator, which alters
the resonance condition halfway through the undulator. Short pulses complicate the desired interaction. Comparisons
are made to the conventional periodic and linearly-tapered undulators. @© 2002 Elsevier Science BV. All rights

reserved.
PACSK: 41.60.Cr

Keywords: Free-electron-laser
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MULTIMODE SIMULATIONS OF
FREE ELECTRON LASERS

by

Joseph Blau

March 2002

Dissertation Supervisor: William B. Colson

The results of theoretical research on Free Electron Lasers (FELs) are presented.
Basic FEL physics 1s reviewed, using a previously developed classical theory. Numerical
simulations based on this theory are described. and numerous examples show how they
have been used to increase understanding of existing FELs and to help plan new
experiments. Single-mode simulations that follow the evolution of a single-frequency
plane wave provide insight into important physical effects in FELs. Results show how
these sumulations are used to evaluate new FEL designs such as inverse-tapered and step-
tapered undulators. Longitudinal multimode simulations model plane waves using finite-
length electron and optical pulses. These simulations are used to study coherence
evolution in various FEL designs. and to explain effects such as limit-cycle behavior.
Transverse multimode simulations that allow for the finite transverse dimensions of the
optical wavefronts include the effects of optical mode distortion. These simulations are
currently being used to design short Ravleigh length optical cavities that are less sensitive
to mirror damage. Four-dimensional simulations are also described. which follow the
optical wavefront in x, y. z. and ¢, including the effects of multiple longitudinal and
transverse modes. These simulations are computationally intensive, but may play an

important role in the design of future high-power FELs.
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SIMULATIONS OF HIGH-POWER ﬁ Outline ﬁ
FREE ELECTRON LASERS WITH
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BEAMS * Study cffects of electron beam misalignment
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The Free Electron 3 ABSTRACT
Lasel' Inte l'aCti on - o Short Rayleigh Length (SRL) optical mode
with a S h 0o rt_ reduces intensity on resonator mirrors

o FEL interaction altered with SRL mode

RaYIe ig h o Le n gth o SRL intensifies interaction at mode focus
O pt ic a I M od e o rapidly changing optical amplitude and phase

o SRL accelerates bunching and energy extraction
W. B. Colson, J. Blau, & R. L. Armstead o New phase space pictures illustrate interaction
Physics Department, Naval Postgraduate School
Monterey, CA 93923 USA

characteristics = good efficiency

International FEL Conference, Chicago, IL. Sept 2002

FEL Pl}asc Space: Typical Short Rayleigh Length
Rayleigh Length z,=0.3 Efficiency Map n(a,,v,)

2 zgg:vzlillz:tfoiiﬁl:;:?:; .::;.:h&m:-;.;-ao [ o plot final FEL efficiency 2,20.03,2,20.5
o modest field value a,=10 "I e R -
o optimum 1 at v,=6
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& efficiency n(t) shown ~ ~%2 = SHzo x further, but still OK

o evolving electrons become more brown as T==0—1 o peak efficiency is 0.9% at v,=9.6 for strong field a,=70
o evolving separatrix becomes more blue as T=0—1

Vary Mode Focus 1, Along
Undulator with z,=0.03

o plot peak efficiency for

Short Rayleigh Length FEL
Phase Space with z,=0.03

o modest field a;=30 *%% Phase Space *** ) -

o optimum m at v,=9 25=0.03 1,=0.5 v=9 =20 ‘ a;=70, z,=0.03, vy optimum [y e

o separatrix “balloons”, o change mode focus location, ™ / ~
“pulls down” electrons from 1,=0.1t0 0.9 E L cww owa owo T |

o final value 1 =0.3%

o field a(t) & ¢(1)
evolves rapidly
at mode focus T,=1/2

o see broad peak about 1,=0.4

o focus at t,~0.4 can be achieved by moving
undulator slightly closer to resonator mirror

o for the short Rayleigh design, undulator is much
smaller than the resonator mirror separation (L<<S)

o efficiency evolution 1\(t) shows features of mode focus
o induced energy spread is Av=8 = Ayy=Av/4nN = 3%

12



Presentation at 24™ International FEL Conference, Chicago, IL, September 2002

STABILITY OF A HIGH
POWER FEL UTILIZING A
SHORT RAYLEIGH
LENGTH

PP Crooker, T, Campbell,

W, Oseenfor, 5 Miller, ], Blais,
ard W.H, Colson

Nara! Portgraduate Ssheol, Momtersy, (24
234

Trigrmanicns! VEL Conference, Chicagn, AL Sepr 303

Performance Decline Due to Tilt
in 100 kKW FEL

a . 1

- gl =
= (rzin and Efficiency 3 ¥l R = -2
decrease seadily 2 e z
tth asgle is increased. & 31 N
= 1M} &V puwer requires ! | S o
efficiency 1 =0.T%. B Epmr z
= performance degradsd F ‘ -
by hedf. T T T
= reel angles: 8= 0, 2 prad, 5 proad, 8 prad, 16 prad
Efficiency () vs Phase Velocity (v,)
-
i 7 - 5 f"
e - m B
19 . pﬁu
Ez ] P T
i . - &
— -
[} P - -
18 A & 4 -] L]

= Effictescy incresses up 1o 2 peak ard then drops ofT sharply.
= Asthe filt =ngle & incnzased, the optimum Ve changes.

P | P [

Optical Mode Tilt

= The spot center will shift &y as either mirmor is tileed.

= The mexinm allewable optice] beam tilt ¢, aocars
when the optica]l made is rotated outside of the electron
hexm causing the spot center to shift oo the ooder of one
spet radius =t the mimmor (dy - W,

Electom
HBeam

100 kW Steady State
Mode Rotation

= re wea
s x l"-:-c:‘:w
e
e
T R
ol A
PR P
+ Fiesd efleicncy f = 045% o e
=R s
amE g
& b e )
Dhfncsaiomsl cosvemioma: F P

r=lll—lem
Ar = | - 2B i # -
A¥y = L% spread ¥l

e T T

Performance Decline Due to Tilt
in 1 MW FEL

= CGrain 2nd Efficiency
dectease steadily as
tilt unple is increased.

= | MW power reguaires
efficiency R=D.3E.

= Efficiency reduction ta
lesy than 0L7% does
mial ocear antl tiltis
arders of megnitwde
greater thzn expected
design tolemarce

= reel angles: 8 = 0 1o 360 wrad,

Pt £ Sy %
-1
iy
!
L
-
E
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SIMULATIONS OF THE Outline
PROPOSED 100 kW JEFFERSON

LAB FREE ELECTRON LASER o Stitus of 10 KW dysecis
# Design parameters and goals for 100 KW FEL

W. Osseanfort. T. Camphell, V. Bouras, A. Kalfoutzos,
¢ Simulation results: 100 KW achievable!

I. Blaw, P. P. Crooker, W. B. Colson

Fhysics Dept, Noveal Postpraduate School, Memterey, CA o lze simulations (o study various effects
and — Short Rayleigh length optical cavity
5. V. Benson, DL R. Douglas, H. F. Dylla, — Electron beam focusing
. B Neil, M. D, Shina — Cavity vibrations, mirror tilt
Free Electron Laser Department, Thiwmas Jeffersee Natonal — Undulator tapering (lincar and step)

Acceleratar Facility, Newport News, VA
yaLt

dhrecied Ererpy Mrofrimonal Socvety Svmpasum. Mosarers, A, Ehed 00

Extraction Efficiency vs Extraction Efficiency vs
Rayleigh Length Electron Beam Radius

a

L

Efficinney 0%}
Efficiency ni%;

Ly wdbm

Moo Ml i

' t ¥ 1] L D4 L]
Aaylsigh Langih &, Im| Electron Beam Radius (rmm)
+ Shorter Rayleigh length maintains good efficiency = Smaller ebectran beam rufius improves oveslzp with

* Similar power output, less mirror damage marraw optical mode in cavity center, increasing efficiency

Mode Rotation Due to
Mirror Tilt ﬁ Tapered Undulator Results ﬁ

— £ m—

E =t ----\:"-\.----- 1 E 2 '_""‘--\.._
g "\"\ i
RE N
- 7

H

. -

i » - a . x

« Mirror angle 6= & rad canses mode Lo rotake @= 350 jorid + Efficiency cxcecds 100 KW requirement (m= 0.7%)
= Speady-stale optical power reduced: LED kW — 60 kW = Eperpy spresd within recirculation limit (AR'E< 15%)

« Active aligement: mirmors cen be held within 8= 0.0 jred = Optimum effciency ohisined with small negetive txper

= Rimulutions shiw negligible pawer reduction fiee &< | jared fpes-al T e fxpew J o .- fatnpp B
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A High-Power Megawatt-Class ﬁ
Free-Electron Laser Using a

Shori Rayleigh Length

T. Canplell, W. Dhscefon, 1. Blin, W.B. Colue, PP. Crookes
Fiprhcr fpr. Maral Possgred sy Sohaood

B lenson, DR Voophes, 1. Dryla. G 8. Nl 813, Shimn
FEL Deinirineny, Thvmor Sofreaoa Nafvao! A-crirrater Fociliy

& Todl
AdveAred Loengy Yoaremr

Yarvrrd Mrergy Mrajrrmonal Sacen Srepoie

Msmrerey, A ST T

Long vs. Short Rayleigh Length

()

a L . .‘
e s o - Limn g
u — _|_'-.'._-._ —__
e L =033 4 E

. .

Ty 2 § P e T
L= — '___'I.- __—\—___

0 = Labim 5

= Short Rayleiph length decreases intesity on mirrors

= layicigh ki, r, = didascs
Fied b i wanir aded A 10 dowhie

Mirrer Tilt: Efficiency ﬁ

IR
‘.

T

= Design toleranoe 0. poad leaves eficiency anchanged

15

Outline ﬁ
s | MW specifications:
Beam, unciulatar, respeatar
+ FEL interaction with shont Rayleigh length
* Stability issuwes
Mirror alt
Elzctran beoam tili
[Bectran beam shift
+ Electron beam focusing
+ Conclusions

Efficiency Adeguate at Short
Rayleigh Length

m=tml gz

&

=03 Z, = Rm
Moy 2 B8 1 w8, =20 e = 1% i w210, 8285
s = A=y s ireenonal sravpy koat by slectron heam
+ i enphorss optical waselopths A

+ n e plines Laser posscer evolalios

= Shori Beyleips bengih mairmams sdequai efficiony & 1 M%

Eleciron Beam Tilt: Simulation ﬁ

= Elsctron beam tilt = Optics] mode B
= Dhue to beam puidizg.

= Bezm tilt angle = 2.8 mrzd = Optical mode 18t = LK mraé
= Efficiency dacreases from 2.5% o 2.1%



HIGH ENERGY LASERS FOR SHIP-DEFENSE AND
MARITIME PROPAGATION

by
Wasileins Bouras

Decetmnber 2002

Thesis Adwvizor: William B, Colson
Co-Advisor: Phillip E. Pace

High Energy Lasers (HELs) are a new class of weapons that may be of great

value to the Navy in the near futire A high-power Free Electron Laser (FEL) 1z being
designed using short Fayleigh-length resonators to increase the spot size at the rmurrors
and hence avoid mirror darmage. Three-dimensional simulations are used to study the
effects of an electron beam misalignment (glectron bearmn ). This thesis shows that the
proposed design 18 tolerant of typical electron bearn musalignments. The performance of a
step-tapered undulator 15 also studied for the 100 kW proposed upgrade of the Jefferson
Laboratory FEL. The results of this research show that the gain 13 above the required
threshold for the 100 k¥W design while the energy spread does not change significantly
over any undulator design. The spectrum of the proposed FEL shows that most of the
power 18 concentrated around the fundamental frequency. It iz shown in this thesis that
smooth FEL pulses can significantly reduce the negative effects of absorption and
scattering. Eecent HEL science and technology developments are discussed for both Free

Electron and Solid State Lasers.

3
2.5 4 *— -» -

— -
)
& 2 - -
=
L. -
-’x
g 1.5 Design tolerance
E 20 purad -
=
B 1
= -
= ! 1
:t 0.5 /

0 r l’ T T *

0 2 4 6 B 10

Electron Beam Tilt, 8,
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FREE ELECTRON AND SOLID STATE LASERS
DEVELOPNMENT FOR NAVAL DIRECTED ENERGY

by
Aristeidis Kalfoutzos
Decetmber 2002

Advisor Willlamm B, Colson
Co-Advisor Phillip E. Pace

& MWW level FEL is being designed with a short a Fayleigh length resonator to
increase the spot size at the mirrors and to avold mimror damage. In this thesis, itis found
that 1t 15 desirable to focus the electron beam to improve the FEL extraction efficiency.
Three-dimensional sirrulations show that the focused electron beam increases the
extraction efficiency far bevond the desired walue of 0.7%. It iz also found in this thesis
that shifting the electron beam off-axis less than 0.3 mun, the efficiency remains above
the required walue. The proposed FEL design uses high power, short optical pulses whose
spectrum Ay cover many absorption lines. The absorbed laser energy can heat up the air
resulting in defocusing the laser beam (thermal blooming). This thesis shows that thermal
blooming 1s not an 1ssue for a moderate clear atrmosphere when the stagnation zone size
rermaing less than 10 m A transitional step for the developrment of a MW level FEL
weapon i3 the proposed 100 BW uperade of the Thommas Jefferson National Accelerator
Facility™s FEL. It has also been shown in this thesis that the use of a step-taper undulator
slishtly improves the performance of the FEL. Finally, the potential of waricous high

average power solid-state laser designs are reviewed.
3.0

(o]
e

=1 MW

| Design Tolerance
0.01 rm

Peak Efficiency, » (%)

=}

DE s 'l
] 0.2 0.4 0.6 08 1
Electron Beam Shift, v,
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SIMULATIONS OF A SHORT RAYLEIGH LENGTH 100
EW FEL AND MIRROR STABILITY ANALYSIS

by
Thorras E Campbell

Decernber 2002

Thesis Adviaoe Williatn B, Colaon
mecond Header: Eobert L. Artmistead

& WOW class free electron laser capable of delivering energy at the speed of light
can irmprove ASCM defensive capability for MNawy ships.  Many desien challenges rmust
be overcome fo make such a weapon possible.  Cne such challenge i3 fo mainfain the
power density on laser cavity rmirrors at acceptable lewels. The use of a short Bavleigh
length to increase beamn spot size at the murror 15 sudied az a possible solution to this
problern In this thesis, it 13 shown that tw uang a short Ravleigh length FEL, power
denaties at the mumors are significantly reduced without causing a notceable reducton m

performance.

For a short Rayleigh leneth FEL, the rescnator cawity is senafive to misalignment
and wibration. The effect of mirror filt due fo wibrations 1s explored and the results show
that as rmurror tlt increases, FEL efficiency does decreases. Howewver, a rmurror tilt several
orders of megnimde greater than curmrently achievable active alignment tolerances is
required before the FEL efficiency 15 noticeably affected. In this thesis, it 13 shown that
roirror filt within achievable tolemnce limits will not adwersely affect the performance of

a FEL.

3
=) Ly
= 2 N
2 T
L T~—n
] [Expected design \\1 }
E tolerance = 0.1 prad \_
1) |
Vi wrad
0k ¥ -
0.0 0.1 0.2 0.3 0.4 0.5

Mirror tilt, O
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MEGAWATT CLASS FREE ELECTRON LASERS FOR
NAVAL APPLICATION — SHORT RAYLEIGH LENGTH
AND STABILITY ANALYSIS

by
Wiilliatn J. Orasenfort Jr
Decernber 2002

Thesis Advisor William B, Colaon
mecond Feader: Eobert L. Armstead

The free electron laser (FEL) is theorstically capable of scaling up to a MW class
laser for maval point defense. At such high power levels, the FEL's optics could be
damaged. An FEL operating with a short Bavleigh length reduces intensity at the rrarmors;
however, the performance of short Fayleigh length FELs 15 unknown. This thesis
presents sirmmlations of Thorms Jefferson Laboratories” propozed 100 kW FEL operating
with a short Fayleigh length, and of a proposed 1 MW FEL undergoing shipboard
induced mirror vibrations. In the 100 kW FEL, Ravleigh lengths of 011 to 050 (where L
18 the undulator length) were sirmlated. Weak field gain increases as Favleigh length
decreases, indicating that short Fayleigh length FELs wall start from  spontaneous
ermissions. Final FEL efficiency also increases as Eayleish leneth decreases, with the
exception of a spike at the typical Fayleish leneth desien wvalue of 03L Bor the 1 MW
FEL systernn, the high operating current acts to stabilize the optical rmode against
vibrations that result in mirror tilts of 0 to 400 microradians, where final output power
was reduced S0%. When used in conjuncton with an actve mumror alignmment systern,

output power of the 1 MW FEL 1z unaffected.

40 , , , 1.0
—— Gain |7
é -..“—-__H o, ¥ 00 - Efficiency | | og =
~ 30 T e =B
e e = TR ] x>
c I g e 4106 =
8 21 MEH“H -04 E
. 4w
& | %
10 I  Expected design :
tolerance i 102 &
ok : | f : - 0.0
0.00 0.02 0.04 0.06
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Simulations of high-power free electron lasers with
strongly focused electron and optical beams

J. Blau, V. Bouras, A. Kalfoutzos, G. Allgaier, T. Fontana,
P.P. Crooker, W.B. Colson*

Physics Department, Naval Postgraduate School, 833 Dyer Road, Monterey, CA 93943, US4

Abstract

A high-power free electron laser (FEL) is being designed in collaboration with Jefferson Laboratory, University of
Maryland and Advanced Energy Systems, using short Rayleigh-length resonators to increase the spot size at the mirrors
and hence avoid mirror damage. A short Rayleigh length implies a very small optical mode waist in the center of the
cavity. It may be desirable to strongly focus the electron beam as well, to improve overlap with the intense optical fields
in the interaction region. Three-dimensional simulations are used to study the effects of varying the electron beam
radius and angular spread to enhanee FEL gain and effidency. The effects of off-axis shifting and tilting of the electron
beam are also studied.
€ 2003 Elsevier Science B.V. All rights reserved.

PACS: 41.60Cr

Keywords: Free electron laser: High power laser
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) . ) ) L Fig. 3. Sinple-pass extraction efficiency n versus initial phase
Fig. 1 Single-pass extraction efﬁmer_clzy 1 versus initial phase wvelocity vy, for three values of normalized electron beam tilt 8,9
velocity v, for three values of normalized electron beam offset Ll"J.'D'L:g:t‘ the center of the undulator (r; = 0.5)

Y-

1 (%)

. . ) . Fig. 4. Peak single-pass extraction efficiency #f versus normals
.Flg' 2. Peak smgle-pas_s extraction efficiency i versus normal- ized electron beam tilt B,y at the beginning of the undulator
ized electron beam offset yo. (17 = 0) and through the center of the undulator (15 = 0.5).
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The free electron laser interaction with a
short-Rayleigh-length optical mode

W.B. Colson*, J. Blau, R.L. Armstead

Physics Department, Naval Pastgraduare School 833 Dyer Road, Monrerey, €4 93943, USA

Abstract

High-power, short-wavelength free electron lasers (FELs) can make use of a short-Rayleigh-length (SRL) optical
mode in order to redues the intensity on resonator mirrors. The conventional FEL interaction attempts to optimize the
coupling between the electron beam and optical mode by minimizing the optical mode volume around the electron
beam. In contrast, the SRL FEL focuses optical power in a small region of the undulator, which accelerates the electron
bunching process. As a result, the fundamental FEL interaction is significantly altered with a rapidly changing optical
field and phase along the undulator. Advantages and disadvantapes of FELs designed with an SRL optical mode are
discussed.

@ 2003 Elsevier Science B.V. All rights reserved.

PACS: 41.60Cr

Keywords: Free electron laser; Optical resonator

Zg=0.03,T,=0.5

-2 5

Fig. 2. The phase space evolution of the electrons and laser map g, vo) shows a peak wvalue of p=0.9% occurring at
light for short Rayleigh length 2 = 0.03. vy 10,

Fig 3. For a short Rayleipgh length of 25 = 0.03, the efficency
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A study of the stability of a high-power free electron laser
utilizing a short Rayleigh length

P.P. Crooker, T. Campbell, W. Ossenfort, S. Miller, J. Blau, W. Colson*

Physics Department, Naval Postgraduate School, Monterey, CA 93943, USA

Abstract

In order to avoid mirror damage on a high-power free electron laser (FEL), the design can utilize a short Rayleigh
length optical cavity in combination with a short magnetic undulator. The short Rayleigh length increases the mode
area and reduces the intensity at the mirrors, and also alters the basic FEL interaction and the stability of the laser itself.
In particular, mirror misalignment may significantly affect the behavior of the cavity modes. We present simulations
showing the effect of mirror tilt on the performance of 100kW and 1 MW FEL designs with short Rayleigh lengths.
@© 2003 Elsevier Science B.V. All rights reserved.

PACS: 41.60Cr

Keywords: Free electron laser; High power laser
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(%)
m (%)
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Fig. 1. Efficiency u vs. initial phase velocity v, for several

dimensionless mirror tilts 0, for the 100kW simulations.
Actual mirror tilt is given by (0.332 mrad)fy.

Fig 3. Efficiency # vs. initial phase velocity v, for several
mirror tilts 8, for the 1 MW simulations. Actual mirror tilt is
(0.728 mrad)fr,.

1.0

0.8

0.6

1\ (%)

0% Expected design

Expected design 1 [tolerance (100 nrad)
0.2 | tolerance (100 nrad)} 10 prad e i,

' 1 MW threshold
i 0.1 mrad
0.0 ' ] 0 A s s

0.00 0.02 0.04 0.06 0.0 0.1 0.2 0.3 0.4 0.5
m Mirror tilt, 8

Fig. 2. Peak efficiency # vs. mirror tilt f, for the 100kW
simulation.

Fig. 4. Peak efficiency # vs. mirror tilt 6, for the 1MW
simulation.

22



Single-Mode Simulations of a
Short-Rayleigh Length FEL

W. B. Colaon, J. Blau, R. L. Armstead,
and P. P. Crooker

Directed Energy and Electric Weapens Canter
Phiysics Department, Naval Postgraduste Sehoal
Monterey, Calformnla 33343 USA

imamoats Fi Carernns. Tecouas Jaas Sgieroe 1300

Short Rayleigh Length Advantages ﬁ

o Short Roybeigh Length optice]l mode inen FEL. = 2 advantages
o reduces optical inteesity oo resonzior mirroes
o mngle apiical wevefront amplified = excellecst beam quulity
o High power lusers typically rum in multipls transverse medes
o FEL amplifies single mode without damege {0 gain mediem
o 3RL fundamentally belter and desirable iztemction foc any HEL

Varying the Electron Beam Focus ﬁ

o Fized emittance €= 450, = Imm-md .
@ Foolarge £, beam is outside mods R
o For small beam focus 1, = B, bigger M%) ."f

i s £ : 'iﬁr

r, small, B, b;—g . hig, Oy, small

o Electrie beam focus optinram
at micdle of undulator £,=0.5
{with optical mode centered at 4,=0.5) »

sl
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8

Poster Outline

8

o Review Shont Royleigh Length FEL Advantages
o A Set of Shea Rayleigh Lengie FEL Parumeters
o Intredace Mew, Stmple FEL Simulation Methad
o Evehate eleciron beem ansverss motion
@ Evaluate opfical mede amplitude and phase
o The FEL Interaction and energy exchangs
o Sumnmarire ceenputstiomel methed
o Compae Single-Pass Gzin and Extraction
o Analyee extrction verses E g, 2. N QL

The Optical Field with a Short Rayleigh
Lengih z,=2.6em = 0.07L << L

o Optical feld amplitude Eiz) o |
e optical phase ) chenge repidly

e
shang undualator length 7 =0-sL \\
o Electroes “see” more intense optical ~
v
ebeciric fiebd By atmode focas 2, =050 wi

o | Bir m=Eol kgAY Se = e n e AN | e \lll
o | flras e e e ac e i, ;\‘_
o | skl Pl w -~

Varying the Rayleigh Length &,

oVary &= | BSem o ry=444cm
o Leser power (red) increases with
o Mirmor spet anea decreases with z, i
o So, ictensity at mizecs [ (blue)
imcreases rapidly with &,
o Choose o= 0.07L = 2 fom 1o siay
belve mimor demage lEmit (green)

o Oiptical mode focas optimum is
near middle of anidulmes €, =05 WE
{(with eb=ctran benm cenfered at 1, = 1.5) F
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Multi-mode Simulations of a ﬁ Outline ﬁ

Shﬂn _Ra}r]-ELEh L’Englh FEL = Compact, | pm high-peeer FEL ceeds very shart Rayleigh
Inpgth.zg <= L., to spread oot the optical mde and zvoid
1. Bk, G. Allgeier, 5. Miller, T. Fomtam, E. Mizchell, el g

Typicsl FIEL: i, = (8L (L=unduluor lengthl

B, Willtams, PP Crocker and W . B, Calzan - High-puwes FEL- 7, = DL

Use numerical simalstions o study FEL desipn parametens:
Liradigfney limpth

Naval Piu‘fgruifuc.rjf Sehnol - Elevtron busch cherpe, heam s

Hesoranor nutpes coopling, ey leigh emgth
Manterey, Californig 93942 L'SA

Physics Department

v (Gaals:
- Wlanisius nupt powes
Imiemaiional FIL Conferencr. Teukuha, lapan, Sepi 2000 Beéuce the possitiliry of mimor damage
Varying the Electron Beam Radius ﬁ Example: Weakly-focused beam ﬁ
. = b
£ :
e, snnall, B, hig £,big. 8, aal
3 VET| vt e —=iET ol
AL e b rmale wesl * Electnons (red) spread out acress optical mode lady 21
*Fized emittance, £, = e, » Redueed overlap with intense optical field in center of
= Mormalize beam mdins: 6 = (LA} ikt = lrens pElTaciem
=Vary 0= 00§ — 123, aptimum o =012 -
Example: Strongly-focused beam ﬁ Varying the Rayleigh Length ) ﬁ
= = =, & _' e |
. ¥ E———— e
- —— A
2 - E
u - -

7,, Hormalized Raytaign Longtn

5 = Vary pormalized Rayleiph Length, z,= ZJ1 = 005 — DLE2
» Electrons {red) strongly focused near center of
optical mode taly. Tl
» Large angular spread = beam diverges outside
ogtical mode along undalator, less extraction

= Power extmaction inceases slightly with 2
= Mirror intensity Increases rapidly with 2, (seller spot ares)
= Cheose 7 o stay below mirmor damage limit (green deshed line)
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INTEGRATION OF THE FREE ELECTRON LASER,
RAILGUN AND ELECTROMAGNETIC ATRCRAFT
LAUNCH SYSTEM ON A NAVAL SURFACE FLATFORNM

by
Zeth A Miller
Septernber 2003

Thesis Advisor: William B, Colson
Second Eeader: Fohert T. Artmstead

The objective of this thesis 15 to study the feasibility of sharing energy generation,

storage and coclig systems between the Free Electron Laser (FEL), ratlgun and
Electromagnetic Arcraft Launch Systern (EMALS) on all-electric ships. This thesis
outlines the basic components and the thecry of cperation of the FEL, railgun and
EMATS A discussion of energy requirements 15 also provided in order to provide a
basis for comparison between a shared energy storage device and the individual power
supplies currently under development. A systerns engineering study is then conducted to
select the best type of power supply for use as a shared energy source for the FEL,
ratlgun and EMATLE PBased on the tradeofis and assumed operational requirermnents of a
naval surface platform, a flywheel energy storage device 15 suggested as the optimal
choice when comparing batteries, superconductng magnetic energy storage (SMEZE),
capacitors and flywheels as potential energy storage mechamsms. A brief discussion on
the possibility of sharing cooling components bebtween these systems and the Integrated
Fower Systermn (IPS) 15 also provided. The remainder of this thesis focuses on a possible
implementation of these devices m a shipboard environment using a stup design, an
expeditionary warfare ship named the SEA FORCE, that was completed by shidents at
the Maval Postgraduate School in the Total Ship Systemns Engineering Program.

wnge-  Combol Syslems
- Ship Systems

Figure 3. Integrated Power System envisioned for next generation ships.
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ad Outine g

]
o Recirculating beam FEL Weapon Sysiem

The Short Rayleigh Lenpth Free Electron * System design parameters
Laser: Fleetron Beam Properties @ Electron Beam dynamics in a short undulater
o Orptical field and energy extraction evolution

o Simulation methods
o Optimizing electron beam parameters:

LT G. Allgaier, R L. Armsiesd, WB. Colson, J. Blau, PP. Crocker,
LT T. Fontzee, LT B, Willizms, and LT E. Mitchell

Dinected Enegy and Eectdic Wespons Cenber # Heam waist radios and foons Fﬂin[
Finncr Cepartrer, Ssanal Monpradago Sohnal
Marreney, CA B * Beam encrgy

DEPS Syspasiuin, &lbegoaisis, MM, Oeteber 701 * Bunch charge (current)

Form Session; FEL for Ship Deterse (Thurs, AR |

.@, Varying the Electron Beam Focus; .@,
The Electron Beam in a Short Undulator Single-mode Simulations

o Uedulator field on axis

A= o Fized emitlance &= 950, = Imm-mrad 4
@ B=R(0, sigk;z ,0) a W o Far large rp, . beam is outside mode _.f’-“ S
R lyelking o At L N o Far small beam focus 1, =2 B, bigger *o II.."
o Electron beam emdtizsce: &, =558, =9 mmemrad (| i E . 8 :.: T
o Electron beam focal madias: 1, = 0.07 mm r, small, B, brg = big, O, small :
o Electros beam foeal positioe: 2= 0.5L =
o Electron beam angular spread: 0, = 065 moad o Electros beam focus optincram G \'-\
& Mo sigrificant Betatron focusing: Ny = 0.1 along undalilor al middle of undulatar 1,=0.5
o Short undulztor, L=3Tcm, mirimizes scraping 2t the ends (with optical mode centered at €,=0.5) i -
h
Varying the Elcctron Beam Energy Varying the Bunch Charge: <
and Current: Single-mode Simulations Multi-mode Simulations
i - i
a ¥ary the Electron Beam Energy E. /—’/J g1 Sl |
olurger E, = larger autpul power  #osn 5 :
olarger B, = larger accelerzfar E
T ol
o Vary the Electron Beam Current 1wt A is
o micropralse charpe g is vasied i ,/; % Bacch Tl InC]
o increased carreet = larger output / * Extmaction 1 increases steadily with burch chamge g
o emitianes is constaet here ¥ * Assumes constacs emitlance
o emittines actazlly incresses with g R » Actual experiment: emiltznce increases with bunch cherge,

recacing extraction

26



Presentation at 6 Directed Energy Symposium, Albuquerque, NM, October 2003

. & — e

o Motivation: FEL Maval application

The Short Rayleigh Length Free Eleciron o Electric ship design with FEL weapon sysiem
Laser: Cavity and Undulator Destpn o High-power FEL parameters
LT T. Fomano, PP Crooker, W.B_ Colson, J. Blau, R L. Armstead, o Shoet Ra'l.'h:igh ]_.:ngth a.d'mntagcﬁ

LT G. Allgeier, LT B, Willizms, and LT E. Mitchell

o Simulation methods
Rimected Trecgy sod Plecivis Weapans Cantor e 3
Fhiyekcs Dpeieireest, Noral Pttt St o Optimizing cavity and undulator parametees:

Moaters. T4 SI84T
* Undulator kength

DCRS Symposium, Albuqosrgas, MM, Ocioter 2203 * Rayleigh length

Fossue Samslon; FTL for Shio Defanss [Thum. AM ] » Mirror Uﬁ.lipl.Tt I:ﬂ'l.l.]:l“[lg
@ Varying the Undulator Length: @
Recirculating-Beam FEL Weapon Single-mode Simulations
, Vwiorie i A o Undulzsor peried fixed at 3= 2 7cm .

R

S o Vary N from R to 20 periods T
” o For N<=8, FEL below thmesbald ol

TE - -_'_'___.__._.'.'..' o Periods away froe mode focus play a role |

e

- Undlsier Vil i Ml o N =14 appears aptimam foc this design P ed e
16m ' o For ¥ = 14, extractive begies o drop s LI
o Wezpon Syszem coctained in a volume of aheot |6xdzd m? o Vary unculalor pasition with respect to L
o Pholocathode imjectne creates short ps eloctron palses =t 7 MeW ehoatmon beam ard eptical minde foc I w
o Sapercomducting acoelerator increases electron enengy 1o 100 MeV s bcu..rn rﬂr‘”‘.'f'= mode forns  swel 4
s {mormakized to unéalator kength L)
o Electroz beam recirculited for energy recovery

o %,= 1, =05 appears to be opltmum

o Optical Power Cutput = MW _ Wasvelength L= | um Yy W
vur;:nfl;_h E:é"dstflnml; IT il @’ Varying the Mirror Output Coupling: @
L Multi-mode Simulations
& 4 z
. B By 1
X1 = *
E £, ;
# ol :'!E ; :-
] W 12 “ ] ] 20 F 5
H, Momsas ol Undakior P o ]

= Undulator peried fixed at &,=2. Tem
= Vary X from & do 20 pericds; no optical power scraping for N<20

Exiraction i il with
 For N1, FEL i helow threskald = no extraction = ot et Aty L

o Beam tnlersily an mistoes quickly increases over damage

= For N> L5, lower optical ssturation Simit == reduced extraction byl (300 Kiem? green deshed ling)
* %= LF appears o be oplmum o Mote: 1) = 1'% correspesds o = | MW of cotpo: power foo our
o 7 e et pericds away from mode Socus play arole 3 design parmmeters
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THE SHIBOARD EMPLOYMENT OF A FREE
ELECTRON LASER WEAPON SYSTEM

by
Sregory (5. Allgaler

Decermber 2003

Thess Adwvisor: William Colson
mecond Eeader: Eobert &Artmstead

A megawatt (WMW) class Free Electron Laser (FEL) shows promise as a new
weapon for anti-ship cruise mussile defense. An FEL weapon systern delivers energy at
the speed of light at controllable energy levels, giving the war fighter new engagement
options.  Considerations for this weapon systermn include employment, design, and
stability. In order to reach a MW class laser, systern parameters must be optirnized and
the high power opfical bearn must be appropriately managed.

In a high power FEL, the optical bearn could heat and ultimately damage the
optical cavity mirrors. One proposed sclution 1z a short Rayleigh length design, which
lowers the intensity on the mirrors, but increases sensitivity to wvibrations. This thesis
shows a that short Rayleigh length FEL will remain stable using current technology and
can be designed to achieve a MW of power. Scenarios are then presented to explore
some of the engagerment option s associated with this weapon systerm.

3 -

th'ﬂ(.‘ﬁﬂn, '.l‘;i {%9)

e

i

o os 1
Electron Beam Tilt, é.

Figwre 12 Extraction wersus Electron Beam Tiltat the beginning of the Tnd ulator. Performance
degrades as electron beam 1l increazes and sharply falls off fox é,. 1.2 , which iz bevond the
design tolerance of 20 prad.
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HIGH POWER OPTICAL CAVITY DESIGN AND
CONCEPT OF OPERATIONS FOR A SHIPEOARD
FREE ELECTRON LASER WEAPON SYSTEM

by

Timothy 5. Fontana

December 2003

Thesis Advisor: William B. Coulson
Second Reader: Robert L. Armstead

A megawatt (MW) class Free Electron Laser (FEL) as a point defense weapon
system may lead to a revolution in anti-ship missile defense. Deep magazine, low cost
per shot, proportional engagement capability. and speed of light energy delivery provide
the FEL with unmatched advantages over kinetic energy weapon systems. Before and
FEL 1s made fleet deplovable. stabality. system parameter optimization, and operational
utility all must be taken into account.

A short Rayleigh length FEL design is being considered in order to reduce system
size and mitigate resonator mirror damage. However, a short Rayvleigh length can lead to
vibrational sensitivities which must be studied. This thesis demonstrates that utilizing
currently available technology and properly defined parameters, a short Rayleigh length
FEL should be able to achieve a MW of power.

This thesis will also establish the viability of the FEL as a fleet deplovable point
defense weapon svstem through the development of a Concept of Operations (CONOPS)

which draws from current naval warfare doctrine.

4.00 1200.00

3.00 4 i

\

- &00.00

]
\

- 400.00

Extraction (%)
[
[=1
=1
\
\
Intensity (W/em sqrd)

1.00 - ke

0.00 T

t T T T T T T 0.00
0.05 0.06 0.07 0.03 0.09 0.1 0.1 D12

Normalized Rayleigh Length

[———eszraction — = — Intensty |

29



g

F.l‘i] ER

Available online at wwwwesciencedirect.com
SGIENCE@DIHEGT’

Nuclear Instruments and Methods in Physics Research A 528 (2004) 167-171

HUCLEAR
INSTRUMENTS
& METHODS
N PHYSICS
RESEARCH

e W |41 )

LT PR RN RIS B R TT

Single-mode simulations of a short Rayleigh length FEL

W.B. Colson*, J. Blau, R.L. Armstead, P.P. Crooker

Physics Department, Naval Postgradeare School, Monterey, CA 93943, USA

Abstract

Free electron lasers can make use of a short Rayleigh length optical mode in order to reduce the intensity on
resonator mirrors. A simulation method is used that includes the dynamies of this rapidly focusing optical mode and the
macroscopic and microscopic electron evolution. The amplitude and phase of the optical fields are represented by a
single Gaussian mode. The simulation runs in seconds on small laptop computers and can be used for system analysis.

Published by Elsevier B.V.
FPACS: 41.60Cr

Keywords: Free electron laser; Short Rayleigh length
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Fig. 1. The FEL extraction s(rx) shows optimum electron beam
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Fig. 3. The FEL extraction (V) shows an optimum rumber of
endulator periods N
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MULTIPLE EEAM DIRECTORS FOR NAVAL FREE
ELECTRON LASER WEAPONS

by
Ethan I, Mitchell

hAarch 2004

Thesis Advisor AWhlliatm Colson
Co-Advisor: Joseph Blau

The Free Electron Laser has the potential to become a revolutionary weapon
systetn Deep tnagazines, low cost-per-shot, pinpomt acouracy, and speed of light
delivery give this developing weapon systemn significant advantages over conventional
systerms. One limiting factor in high energy laser implementation is thermal blooming, a
lensing effect which 1s caused by the quick heating of the atmosphere, so that the laser
beamn does not focus on the desired spot, thereby degrading the effectiveness of the laser
on target. The use of multiple bearmn directors focusing on a target from a single platform
may mitigate thermal blooming by allowing half of the laser’s energy to travel through a
givetl volume of air, so that they only cverlap very near the target. Less energy traveling
threugh a given volume of space means less heating, and therefore lessens the effects of
therrmal bloormning.  Also, simulations of FEL s were conducted modifiring parameters
such as the number of undulator periods, electron beam focus, the normalized Ravleigh
length, and mirror output coupling, in order to deterrmune optirmum design parameters.
Mew parameters for the next proposed FEL were simulated to examine the effect of

rmirror tilt on laser power and extraction as well.
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Naval Electric Weapons: The Electromagnetic
Railgun and Free Electron L aser

by
Eobert E Williams
Jane 200

Thesis Advisor: William B, Colson
Second Reader: EFEobet L. Armstead

Theory and simulations of the railgun and free electron laser are presented, as
well as a suggestion for extending the railgun lifecycle The theory, design, and analysis
of an electromagnetic railgun using a numerical model are discussed. The effects of
varying electrical pulse formations, rail materials and geometries are explored. The
application of a metallurgical process to mitigate hypervelocity gouging in railgun rails is
proposed. This concept, to delay the onset velocity of gouging by laserpeening rails
surfaces, may significantly mcrease the velocity at which projectiles acceptably traverse
the barrel and extend the useful life of rails If successfil, this process would apply to any
pair of materials in sliding contact at high relative velocity, including roclzet sled tracles
and light gas puns barrels. The status of proof-of-concept tests at LLIML, TTC Dawvis, and
UT is covered. FEL sitnulations investigating the effect that electron bearmn focal point
variations have on the optical mode, gain, and extraction within the undulator are

presented.
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Figure 2.7. Extraction vs. Electron Beam Focal Point (strong fields)
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Short Rayleigh Length Free
Electron Laser Simulations In
Expanding Coordinates

B.L. Armstead, I Blay and W.E, Calsan

Phyrics Deperment
Neave! Posrgraduate Scfool
Monzerey, CA 93943 /84

arzad FEL o ., Trewix_ [aly, Szt 2104

o Optice]l Mode:

=03, wi=z," 5l 55
< for t=l—| in 10 steps
v a7 |
o Above mods expands o w=19 ol € = |, by amouct wiw=315
o Opgical Mode: 1w .
=01, wo=x e 32 " .

for t=0=s1 n 10 sleps

¥

o Mode expands o ws32 att= 1, by smount wiw, = 10
a Problemiosolve; apwlll, and £=30 = wiwg= 00 1%

o Impossible to grid both w, st mode waist oed w2t micror

Solve Using Expanding Coordinates b -

i F Tal BT

o Cooventional method
foc t=0—#1 iz 10 steps
=3, W el 55

a Att=1 = swikch

o 2 i
1o Expanding Yethnd

fort=1—3 in W sieps =
1wty w55 ot 1=
0 ' =0=+02 only

aOptcal feld lalx,2¥ shown mode center, la{xy)l 221=13
o Virtae] feld bix" 27 shown mode cester, Ivfx’ i at1=3
o Virtuzl feld w{x" T does notexpand, but does evalve

o Bgualsteps At give expanding stepsin ©@ At =1tArVe,
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High Power FELs Use a Short
Rayleigh Length Resonator

Short Rayleigh Length (SRL) optica] made = 2 advantages
o reduces optical inkessity oe resonaior mirmees
o sngle optical wavefromt amplified = excellest beam quality

'——_______ S=16m _______—'
w=Jcm ___::ﬂlﬂ::__z.a‘é.ﬁ:m
e — L=0.3Tm o
wy=00%mm
o Mumeric mblem: How to*prid” wes0.lmm and we3knm

o Omptical feld 2(xy) loves oo 2 grid, discrete (x, ¥) sites =
o Fer N =128=2" m w =l Imm = N =(5536=11 at weMinmm
o N, = 2ME nearly mmpossible H

Coordinate Comparison

= Far () < 1<%, solve pembolic wave equation using
linear Cartesian coordinates

. = Use expanding coordinates for €€, 01" = 0}
= Bebve for vir' 17} using paraxial wave equatics
w17} does not diffract much

s Coestruct 2ic.1) fram vit" 2 for €1
== ——  cAI=TALVm = lme sizpsexpend o 27
[P =%’ mppe « 1 rENgE

Larpe Range Problem,
Previously Impossible

o Comventional method ™=
foo t=0—+1 iz 10 steps
=], W T 32
a Att=1,=1swikch

oy

o Exps Yethd

far t=1—20ig 10 steps =
1wty 1285w t=30
o ' =0=s0.1 only

o Optical feld lafx, 1) sill Gassien 22 1=30
o Virtazl fekd wx' 1) does pol expesiesce much diffraction
; o Virtazl Bekl vwx" 1" hondles deviatioes from Gaussan mods

a A few equal sieps AT get all the way vut o 1=30
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Optical Mode Distortion in a "‘-l*ffr“ v

Short Rayleigh Length FEL

1. Blaw, W.B. Colwn, LT B. Willioms, LT 5 P. Niles,
aed Maj. R.P. Mansfield

FPhysics Depariment
Neval Postgpraducate Schoo!
Monterev, California 93943 USA

Intermaiioasl FEL Conference. Tnesie. lisly | Sopi 2008

Multi-mode Simulation Method "ﬂ;vﬂ‘-

= 3D simulstion i (x5
- L wsl[-oomcitent Loesnis
forcg 4 parahodic wave SO
— Beihilcs tads s otical
Tsden ard Setaron mapm
= Recect impoowvemnents
- Faster FFT alpomitlen (1T}
alll spesd ireprmreczrmt!
— Mo actirile prog gation
maeibod Creci-nesrms peighbar)
- Expanding coordimte syvies
follpay rapdly-S fracmg
waveiromt with & fxed grid
bmproved Sagrosie s opoca|
beam qualit

4.5
A IF' e
§ _;I P -
et ‘ | ""w._____.
= | ot
= |
g f I
i "5 |
By |
1

sl

10 20 ] 40
Mumber of Undulator Periods, N

b
L=
[=]

= M |0 Gaim helow threskald, no extractan
* [0=N =|4: Exiraction grivas repidly, single-mide
= Mz 4: Extrection drops, muli-mods
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Outline

= {Compact, high-power FEL ceeds very shon Bayleigh lengzh,
Zy <= L [uncalatos length)
-~ Ragpidly expendng oplical beamn shoald leisen mimnen desage:
Sl imersction ro g s kel erhancr st beson qual ity
- Matroew deaston bees will Salort optical =lc

= [lse numerical simalstions o study FEL design parametens:
- Elextren beasi corseml, rafius ind focus poidi
- Liradulaten It ol lapesr fule
Waplrgh lenprh ared imee separiion

= Fareach parameter, study:
Lairsuns jopoacal ;g poserimosl dlecron beam power|
Uipescal beam qualoy imaode sioriiom |

Extraction, n{%
in

o 0.1 0.2 0.3
Dimensionless Beam Radius, o
= Emittance held canstent (small mdius = large angalar spresl)
= Oeptimum beam mdis o=0.12
= Festure in cester may be mode distortion effect

Varying Undulator Taper Rate "'-EE}"

-
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a & i 12 14
Undulator Tapar Rabe, b=

= Hec KB extends saturation, enbances extraction

= Oiplimuem tapes rate: §= |1z < AKE = 0%
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Short Rayleigh Length
Free Electron Lasers

Bill Colson,
Bab Armelead, Joa Blau, Pela Croaker
Physics Department
Naval Posigraduate School, Monferay CA 83923
FEL Carderence. Augusi J004

Short Rayleigh Length FEL Concept g
o Alter 2 bagic design rube: X = DEL
where L isuaniulsor bengib, ppically L= meters
o Short Rayleigh Length (SRL) reduces mirmor intensity
a Determine SRL by adjast mirror mudius of curveture
o FEL imeraction aliersd with SRL mode:
o rapidly chenging eptical amplitude and phase - bad !
o accelerated bunching in more imense optical fields - good !
o Convertiome] FEL:
t AN |
a Shoet Rayleigh Legglh FEL*:
————— AN ———|

* NIM A 393, 262 (1597)

Vary Rayleigh Length b
o Vary Z, = Lbem f Z,=49%cm
o Normalized Rayleigh length = o/l
o Mode area 2t mirmars is Ag. = L,
s desired i reduce mirroc imensity
o Mode ares af waist is A e 2, .
& Mpde arez avemged aver undalalor i5 b rre—
s [z + L1 22:0] = LF {zbove)
o Simple theery: G T (fillimg Factar) Ta
oG, 2=y, L =L IR / g L
o Stmulation allows many optical modes: < 9 "
o Chain G incneases for small r; veles ! L j

o Small T slill pood prain

o Can suve mirrars with goosd gain 12
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o Acknowledgements: NP5 students over lest B years, @
Al Todd |AES), amd Grooge Ned & Steve Berson (Tlab)
o Muotivatiom:  consider compaet FEL oscillatees
o Sciectific labomatories want compact FELs
o Imeluserial & military applicetions peed compact FELs
o Assume “compect” means mirmor sepermton § < 2 m
o Mimor démage al infensities [ 1 -+10kWiom!
o Typicel FEL desige: L siza= Ilmm, 0 lkeeglh = 10m
=2 mirror damage limits optio] power !

FEL Interaction with a Short 5
Rayleigh Length Mode

@ T =— Ty dand

0 Electrans internet with field slong (e, Y i)

undalator from t = ol =0 =& 1 Ry =—tan (21,00

o Electrans “see” inlense aptcall feld !
at,] acd phase 1.} atmods focas £, z {

o Rapidly charging field reduces FEL e e
interzetion, but surpeisingly OK Sy |
o Examine FEL inleractoe: ., M, & ’ 1
o Examine FEL gain, G, in weak E=lds i b _||
o Examine FEL extmmction, 1, in stroeg felds _'___,_.a-'"

I

| . |

Shorl Rayleigh Length FELs @
i Reduce peak current 1= d00A [ = 10A o

o Still SRL is a better FEL design option 1! "‘-.‘:-i:'-l

NS

o New exumple SHL FEL:

o Same Undulstor: N=22, L=52em, K=1 anm |
o Resonzioe: 5=12m , Z=fcm, 0}, =20 " s
o Same Optical wavelength: A=lpm el S
o New Electron Beane B =80MeV, L = -

&, 10 mrad {typical emitrce) -

i, = 0.l mm (beam fom! radius) . o

[y = WA, 2md T = S84 =
i SEL gives bester FEL gain iz sach case

i Appenrs thut SEL FEL is just o better design !
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Stability of a Short Rayleigh
h Laser Resonator
With Misaligned Mirrars

P.P. Crocker, J. Blau, and W.B. Colson™
Physics Department, Mowal Fostgraduote Scheal
Marterey, CA 93543
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SHORT RAYLEIGH LENGTH FREE ELECTRON LASER SIMULATIONS
IN EXPANDING COORDINATES

R. L. Armstead, W.B. Colson, and J. Blau
Physics Department, Naval Postgraduate School
333 Dyer Road, Monterey, CA 93943

Abstract

For compact short-Rayleigh length free electron lasers
(FELs), the area of the optical beam can be thousands of
times greater at the mirrors than at the beam waist. A fixed
numerical grid of sufficient resolution to represent the nar-
row mode at the waist and the broad mode at the mirrors
would be prohibitively large. To accommodate this extreme
change of scale with no loss of information, we employ a
coordinate system that expands with the diffracting optical
mode. The simulation using the new expanding coordinates
has been validated by comparison to analytical cold-cavity
theory, and is now used to simulate short-Rayleigh length
FELs.

4 T L b

o |mrw] max

Figure 3: Free-space diffraction of a fundamental Gaussian
mode in Cartesian coordinates |a{x, )| (top), and expand-
ing coordinates |v(z', v")| (bottom) for zp = 0.3, 7y = 1,
and T =0 — 3.
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OPTICAL MODE DISTORTION IN A SHORT RAYLEIGH LENGTH FREE
ELECTRON LASER

J. Blau, W.B. Colson, B.W. Williams, S.P. Niles and R.P. Mansfield
Physics Department, Naval Postgraduate School
333 Dyer Road, Monterey, CA 93943

Abstract

A short-Rayleigh length free electron laser (FEL) will
operate primarily in the fundamental mode with a Gaussian
profile that 1s narrow at the waist and broad at the mirrors.
The gain medium will distort the optical wavefront and
produce higher-order modes that will expand more rapidly
than the fundamental. Wavefront propagation simulations
are used to study optical moede distortion, as electron beam,
undulator, and optical cavity parameters are varied.
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Figure 6: Simulation results for extraction » versus number  Figure 8: Simulation results for extraction 7 versus undu-
of undulator periods N. lator taper strength 4.
N= 1% =g V=738 [ P & - am f- 11

Figure 7: Optical field amplitude |a(z,y)| at the cutput  Figure 9: Optical field amplitude |a{z, )| at the output
mirror for various number of undulator pericds N . mirror for several values of undulater taper strength 4.
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SHORT RAYLEIGH LENGTH FREE ELECTRON LASERS

W. B. Colson, J. Blau. R. L. Armstead, and P. P. Crooker
Physics Department, Naval Postgraduate School
Monterey, CA 93943

Abstract

Conventional free electron laser (FEL) oscillators min-
imize the optical mode volume around the electron beam
in the undulator by making the resonator Rayleigh length
about one third of the undulator length. This maximizes
gain and beam-mode coupling. In compact configurations
of high-power infrared FELs or moderate power UV FELS,
the resulting optical intensity can damage the resonator
mirrors. To increase the spot size and thereby reduce the
optical intensity at the mirrors below the damage thresh-
old, a shorter Rayleigh length can be used, but the FEL in-
teraction is significantly altered. A new FEL interaction is
described and analyzed with a Rayleigh length that is only
one tenth of the undulator length, or less.
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Figure 3: FEL gain as a function of Rayleigh length z.

39

241



274 P. P Crooker el al. / Proceedings of the 2004 FEL Conference, 274-277

STABILITY OF A SHORT RAYLEIGH RANGE LASER RESONATOR
WITH MISALIGNED OR DISTORTED MIRRORS

P.P. Crooker *, J. Blau, and W.B. Colson
Naval Postgraduate School, Monterev, CA 93943 USA

Abstract

Motivated by the prospect of constructing an FEL with
short Rayleigh length in a high-vibration environment, we
have studied the effect of mirror vibration and distortion
on the behavior of the fundamental optical mode of a cold-
cavity resonator. A tilt or transverse shift of a mirror causes
the optical mode to rock sinusoidally about the original res-
onator axis. A longitudinal mirror shift or a change in the
mirror’'s radius of curvature causes the beam diameter at a
mirror to dilate and contract with successive impacts. Re-
sults from both ray-tracing techniques and wavefront prop-
agation simulations are in excellent agreement.
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Figure 3: zp dependence of the maximum excursion y, of

Figure 1: Resonator with Gaussian mode characterized by ~the beam center from the original cavily axis when a mirror

. . . . - tilts by 8, or undergoes transverse shift k. Tilt and shift are

_Ra}’lmghl length z. D]S'[DI‘[]I:_:II]S of the _nghl-hand_ Irror plotted separately. The lines are beam theory; the points are

include tilt #y,, transverse shift A, longitudinal shift A5,  fom wave simulations. For an FEL with § = 10 m and A =
and focal length change A f (not shown). 1 pm, y. = 10 corresponds to 1.8 cm.
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HIGH ENERGY LASER APFLICATIONS IN A SURFACE
COMEATANT: TERMINAL PHASE THEATER
BALLISTIC MISSILE DEFENSE, LOW ATMOSPHERE
FPROPAGATION, AND FREE ELECTRON LASER GAIN

by
Sean P Miles
June 2005

Thesis Advisor: William Colson
Secord Eeader: Eohert Armstead

The Free Electron Laser (FEL) can provide the naval surface combatant with a
directed energy weapon that can be used againzt a large target zet. Due to zpace con-
straints in a shipbeoard installation, an eploration iz conducted to show the feazibility
of ghort Bayleigh length FEL= using a FEL simulation. Low atmosphere engagements
are dizcusged through the modeling of a turbulence module for laser propagation in
eruise missile defense applications. In particular, this thesis explores the difficulties in
engaging a short /medium range theater ballistic missile (TEM) in the terminal phaze
as an engagement scenario in support of littoral operations using HELCoMES, devel
oped by SATC, az an engagement analysiz tool. A concept of operations (CONOPS)
for the uze of a FEL az an area TEM defensive weapon iz explored, using a unitary,

high explosive warhead model and ectrapelations to other TEM warhead types.

Figure 14, A propagating beam esperiencing moderate thermal blooming at stagna-
tion peoint m = 0.8 with strength ¢ = 0.8, The pleture to the right iz a cross =ection
of the beam at the target,
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HIGH ENERGY SOLID STATE AND FREE ELECTRON
LASER SYSTEMS IN TACTICAL AVIATION

by
Eobh P. hMansfield
Jane 2005

Thesis Advisor: VWlliam B, Colson
Second Eeader: Ecocbert T. Artmstead

A study and analysis of high energy laser (HEL) systems aboard tactical aircraft is
performed. The FA-18E/F Hornet and F-35 Joint Strike Fighter (J3F), equipped with
solid-state HEL systerns, are the main subjects of the study. Considerations of power
generation and thermal management for a fighter-sized HEL system and asro-optic
effects on bearn propagation from high and medium altitude platforms are examimed. An
overview of systern capabilities details how the HEL systemn will be more difficult to
incorporate into legacy strike aircraft, but may be feasible for futire aircraft such as the
JEF. Tactical flight simulations are used to study and develop potential concepts of
operation (COMNOPSE), using realistic scenarios and threat environments. Results show
that a tactical HET. will not be a stand-alone weapon in combat, but will have many
potentially useful tactical applications. Another study of a high energy free electron laser
{FEL} systermn aboard a C-1307-30 Hercules shows that such a systern is feasible. Finally,
a study of the FEL shows that strong field extraction can be optimized using undulator

tapering
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Figure 11. HEL-equipped FA-18E/F
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Weak-Field Gain in
Short-Rayleigh Length
Free Electron Lasers

1. Blau, W.B. Colson, 5.P. Miles and R. Vigil

Physies Department

Naval Posigraduate School, Monfaray CA B3923
FEL Gorlerencs, Aagusl 1025

Optimum “Filling Factor” Question %
o FEL couplizg, Gain = pF = “electron beam density” x F
o S0 Oain (= /A imdependess of beam azen &,
o where A_{z) along undutetor length of length Lis
o AE) = mwiz) = megT L) VES) alang 2
o where Rayleigh lengtk is 7 = nw,
wi = opticel mode waist, A = ooptical wavelenpih
o Average Ay{x) vver undulsoe beegth (z = Bl
< Al = nfdawizFL = AEALYIE,)
o Minimizieg < A (2> gives maximum Gain G

o when &, = L1219 = 1.3 ."— —":'.

o Is this troly o maxdmen for FEL Gadn 7Y

Decrease Beam Current,
Check Lower Gains

b
T B
o Reduce peak curtent: -
I=400A o 1= 100A . M,
o Gain sl [arge at small Z, 11 \“‘*-\____5 N
1nl e
"W n, LA
AL
o Reduce peak current fusther: e
L= 1ODA, and L, =584 — |
o zin remains up = 25% ab smell Z; 1!
B
T m l.“ [ 1]

o What gain is low ennugh fue the filling factor concept 77
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Basic FEL “Filling Factor” Concept @
o Basic “gain” or electron beam - optical mode coupling:
o Concept in Madey's oognal paper in 1972:
o FEL couplieg == F (~filling Exctn™) where
o F ="are of ebectzan beam™ “eres of optical mede™
gleciree beém arsa A, —
optical mode ares A,

3 I

o F =05 used throughout commanity for FEL desige
o What ix the validity of the filling fuctor concept 17

Vary Rayleigh Length

0 Nommelized Reyleigh length 2= 201
o Mode srea ot mirroes 15 Mg e ey

s desired 1o reduce misTor inteesity
0 Miode zmes o waist is Ap ez
o Simple theary: G = F [[lling factar)

o G, al #=12)"; E=Ly™ FE ., R
— = ]

o Simmlabon allows many optica] modes: B " I
o {rein G increases far small =, values %r oy |
o Small 7, sbill yoaod gain 12 “‘-;_L |
rPe

o What is the valid range of paramelers M
Tar the “filling factor™ concept 777

N ]

<

Decrease Dimensionless Current |

@ Plot Giz;¥j for decreaging electran beam carment

0 Berarn current j =8N {ne KLy me?s | “beam carmers”
a Plet “filling factar’: Fe FL R P 17122) for refemence

o Electron beam mdine @ = /LAY = 0L (ingde mode)

o~ A
]

-

a (nly very small guins ugree with theary using F !
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Simulations of the Jefferson v_ﬁ%

Lab FEL Using the New
Electromagnetic Wiggler

WA, Colzan, I. Blau, OV Bowlin, . Willizms,
B Vigil znd T. Voughs

Physics Departmeni
Naval Postpraduate School
Monterey, California 93942 USA

Blerratasral FEL Coafstence, Slanfosld. CA, Alig 2001

Vary electron beam radius

G w1 aterm T Extrncfion v abasm rame
b

m L Fy L] aa 1 i I
, . .

LR (2L
= Busch charge a=d tmnsverse emittance held constace
= Smaller heam mdias == higher peak curremt

=3 imcreased angalar speesd

r.-hl'“'"- r-l“m-
| a

= Crptimum pain, exirection o r, =02 mm (radivs 2t beam weist)

Vary output mirror tilt

Gai s, mamor 88

]

Exirocsion vs. mimos ik
a8 y

[
a A eoaa
Hh al 10N -
] . £
CF 2 E
= . .
o Toy = a
%
H 2 & ]
LB rad

= Quiput mizzor tilt = aptical mexle 2
= Duipul power = 11 &% fior mirmar tift < 5 g
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Outline v

= Jeferson Lab recenily izstalled 2 new EM wiggler iz their FEL
Shorter usdulatar period (8 cm) o obtain | m lighs
Caz be used with 2 shor-Rayleigh length aptica] cavily

= Ulse numericzl simalations to study FEL design perameters
Electroe beam: bunch charge, pulse length, and waist mdius
Optical cevity: Reyleigh lergth, ouipat coapling

* Alzo seady system vihration inlermeces
Mirror shift 2nd Gl
Electron bezm shifl and

Vary Rayleigh length Ll

Giaim vi Faphsign length Evwaction v. Fayhsgh langh
%

]
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(5] - » 3
= ¥ Il -

— i = T
£ e
s oy

] A%

ar
L a6 4 b ] 0w

= Rayleigh length 2, = 7L noemislized to uncalator length
= Gain increases o 7, decreases

= Optinzam extractior at £, = 0.2

= Smaller 2, == reduced mirrar intensity

Vary electron beam shift

Gasn va. slecion bearm sl
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- ENTamon vl slacion Seam shit
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Fl By
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= Electran beam skifted off cavity axis = kigher-coder modes
« Oreripan powver 5 10 kKW' foc electnon beam shift < 0.5 mm
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VIBRATION EFFECTS IN SHORT @&v Overview L%ﬁ"
RAYLEIGH LENGTH FELS _

+ Praposed compect, high power “rext® FEL requires

PP, Crecker RL Armstend, T Bloa. Q. Bewlin, WA Colson Short o b 5
B Wapl T. Youghs. and B W Williems 7T O RE R
Pryiad Bept,, Massl Paigredoate Sthodl, Matrerty, CA, US4 = Short Reryleign IE!’I_.|'1 h I {limi 15 mirrar :I’JH'I’-I?E'!

+ Cavity Recs Cancentric = Sergifive Te witrations?

+ Simufation Technigue:
= Splves paraxicl wove equation with electron beom

e ATErdcTion
- Expanding coardinotes follow magnified beam out
Ao to mirrars
M + Study gain ard extraction i presence of
= Mirror tilt 8, and transverse shift g,
Irternatana FEL Conference. Stanforal Augusk 008 - Elestron beom shift v,

Extraction vs. Mirror Tilt ‘% Mirror Tilt Simulation

'-" -
[ . t ot fu, ]
= K L4
l T E acl &
N m =2 - FTFTTITFRE (T Y Fr PN TEy
5 "
- m -
F | | Design folemance . | iiitad Srdaninia
e =01 prod . | £
- Leddim -
uﬂ an 1 W 1h ¥ I.' Il. »
i * Mirroe tilf: 2.2 prod
= Greater than half of peck power oot to <04 irsd = Dptical bea= tit; = ¥ mrod with distertion
Operates we' beyend desgn folerance of = 00 pred * Predicted codd covity eptical beam 1T & T meed |
- Conclude e-beon stobilizes optical beas

"

. b T
' . E
-_— L& . a
v | D ' :
Tokermce: ¥ &2 =5 *

* leom shifty, = 04L mm
¥l « [otical beas tittz 1.3 mead

- v to aaymmatric ondutor gon

+ Greater than helf of peak power out to = 043 mm + Ogptical beam overlsps e-beam

+ Doerates well beyond design talerence ¥, - 001 men
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STABILITY OF A 100 kW-CLASS FEL %

P.P. Groodor, J. Blau, W.E. Coisor, LGOR AL Wgh
LT OLE, Bawiin, LT T. Vioughs,
Phyacs Dept., Mava! Posiprsduste Schaod, Mondsmy, CA, LS4
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Witz il and shelt

Directed Erergy Professionn Society

8™ Annual Birected Energy Symposium, Kowol, Mev, 2005

Simulation Results - "Next" FEL L@

155 3 — Al
~ S Trd T '
T
R e s _2 o 300
£ e E g o
- % = I
= [ iy 1 p 1 -
s
o i1
» [T 1 k] o8 1
£ ¥

+ Sirwlations predict increcsed gain & with smefl 2,
- Contradiets simple Theory [Single made)
- Confirmed experimentally at Jlab

« Good extraction 7. reduced mirror intangity I et small 2.

- L=4a2 cm L

= Mirrar shift y, = 21 um

» Oprical beam nilr: 1.3 mred

= Predicred cold cavity Tilts = 26 mrod
=2 E-beo= stobilized opfical beam

= DOptical made everlaps e-beom
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W

Overview ==

+ Proposed compost, high power “hext” FEL requires:
= Shert cavity length 5

‘.

= COmpact

- Short Rayleigh length 2, = limits mirror domoge
+ Cowity neorly concentric = sendgitive to vibrations ?
+ Simufation Technigue:

- Splves porametric wove equation with electron beam
nteraction

- Expanding coordinetes §ollow magnified beam out 10
mirrors
+ Study gain and extractian in presence af-
= Mirror tilt 0 and shift y,,
= Electron becm shift v,

Extraction vs. Mirror Shift ‘5

¥ BT EW
[ 1 T
Eqi "
. s 10R0 el
[ —
% " 1 = r

L L]
A i

* Power is greoter than 100 =W aut to 1T pm

g

‘.

COMNCLUSIONS -"Mext” FEL

» System design tolerances: P » 100kW

- Mirror tilt: « 1.8 urad
- Mirror shift: <17 um
- E-beam shift: < 0.57 mm

- FEL operates well beyond known design toleranc

* At extreme vibration amplitude, eptical bear
stabilized by electren beam.
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Design of a MW-class FEL

LCOR R, Vigil, LT O.E. Bowlin, LT T, Youghs
W.B. Colzon, J. Blau and P.P. Crookar

Directed Energy and Electric ‘Weapons Center

Physics Departiment, Naval Posigraduate School
Monterey, California 53543 US4
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+ NFS & desgning b comiact;, MW-caes FEL

+  Lsp smulatons to study desgn parameinns

Vary Electron Pulse Length
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%
8
P MW

QOutline

— Based on Jlsk ard reel” FEL denigre
uUpgrade "next (=100 kW] FEL
= S RO iR, SN BEdm Tafegan
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= Ngw injedor {100, possbly cew memsy
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= Shorer pulsa has highes peak current
= Increazed gain, outpul power
= Longer pulsas easier to create and transpot
= Aeducad amitizncs
= Less coherent synchrotron radigtion
= Cutput power = 1 MW for pulse lenglh < 1.5 ps .

Vary Rayleigh Length

{pulse length = 1 ps, Q. = 2) % F

G v, Rayhmigh longih Powar va. Rayleigh lengmh
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g “ag

L (e’

R 1
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* Yary Rayleigh langth by adusting miror radius of curveture
= Elaciron baam rasus sel at half ol oplical wais? redius

+ Galn above threshald far all values of Z,
» Theory curve based on filing facter (lundamental mode)
* Meximum power F = 16 MW 81 Z,=5em

+ Quality lactor Q. = 1{output coupling)
l.a., O, = 2 comresponds bo 50% outcoupling/pass
+ Gain ebave threshokd and power =1 MW for £ =15
(bt higher &, reans incressed miror infensity)
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SIMULATIONS OF THE JEFFERSON LAB FEL USING THE NEW
ELECTROMAGNETIC WIGGLER *

.y ART10: e )

T DT WD Modo-~ T Y P . T Dol W Y01 oo 1T Yo 1
J. Dldu’, ¥v.D. COISUIL, D. VY. VV1ildils, 2. DUWILLL, I VIELH dIU 1. VOURLLS,
L,

d
Physics Department, Naval Postgraduate School, Monterey, CA 93943, USA
Abstract

After successfully lasing at 10 kW of average power
at a wavelength of 6 um, a new electromagnetic wiggler
has been installed at Jefferson Lab, which will be used
to achieve high power at shorter wavelengths. Wavefront
propagation simulations are used to predict system per-
formance for weak-field gain and steady-state extraction,
as the bunch charge, pulse length, electron beam radius,
Rayleigh length, and mirror output coupling are varied.

60
la(0,y, 1)

e

b o

A rb?ﬁgm) 0.3 0.4

Figure 4: Simulation output showing a cross-section of the
optical field amplitude |a{y, 7)| over a single pass through
the undulator, with red dots representing sample electrons,
for a narrow electron beam with waist radius rp = 0.1 mm
{top), and a broad electron beam with , = 0.4 mm (bot-
tom). The yellow curves depict the optical mode profile
Figure 3: Weak-field gain 7 and steady-state extraction 1 |a(y)| at the beginning (1 = 0) and end (7 = 1) of the
versus electron beam waist radius, rp. The optimum radius  yndulator. The white line represents 5% of the peak optical
is 7 = 0.2 mm. field amplitude |al.
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VIBRATION EFFECTS IN SHORT RAYLEIGH LENGTH FELS"

P.P. Crooker 7, R.L. Armstead, J. Blau, O.E. Bowlin, W.B. Colson,
R. Vigil, T. Voughs, and B.W. Williams
Naval Postgraduate School, Monterey, CA, USA

Abstract

The short-Rayleigh length FEL configuration leaves the
optical resonator near the cold-cavity stability limit. Stud-
ies show that the electron beam interaction stabilizes the
optical modes and establishes limits to the vibrations of
mirrors and the electron beam. Several types of vibrations

are considered.
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Figure 2: Dependence of weak-field gain and extraction
on mirror tilt angle. Lasing continues out to 2.5 prad: no
appreciable change occurs over the current design tolerance
of == 0.1 yrad.
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Figure 5: Dependence of weak field gain and extraction on
electron beam shift. The half-power tolerance of 0.4 mm is
well beyond design tolerance =~ 10 pm.
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PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 8, 040703 (2005)

Stability of a short Rayleigh length laser resonator

P P. Crooker,* I. Blau, and W.B. Colson

Plrysics Department, Naval Postgraduate Schoal, 823 Dver Road, Monterey, California 93943, USA
(Received 4 January 2005; published 22 April 2005)

Motivated by the prospect of constructing a short Rayleigh length free-electron laser in a high-vibration
environment, we demonstrate the use of a collection of rays to study the effect of mirror vibration and
distortion on the behavior of the fundamental optical mode of a cold-cavity resonator. We find that the ray
collection accurately describes both on-axis and off-axis optical beams. We show that a tilt or transverse
shift of a mirror causes the optical mode to rock about the original resonator axis, while a longitudinal
mirror shift or a change in the mirror’s radius of curvature causes the beam diameter at a mirror to
successively dilate and contract on the mirror. Results are in excellent agreement with analytic
calculations and wave front propagation simulations as long as the mirrors remain large with respect to

the beam diameter.
PACS numbers: 61.30.Cz, 64.70Md

DOL: 10.1103/PhysRev3TAB.B.040703

5

FIG. 2. Evolution of an optical beam in a resonator with zy =
0.1, 8, = 0,05, and & = 0. The y axis is the normalized trans-
verse distance, and 7 is the normalized time. Each vertical line
corresponds to a mirror, with successive reflections unfolded to
see the overall behavior. The shaded area shows the trajectories
of 1000 random rays: the center line is the center of the optical
beam; and the top and bottom lines. calculated from beam
theory, correspond to the radius w for the Gaussian mode. The
effect of mirror tilt is to make the beam rock back and forth on
the resonator mirrors.
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FIG. 5. Maximum beam radius y,,,, for fractional mirror shift

Ax of the right-hand mirror at several wvalues of z;. As As
increases, yg., diverges where the cavity becomes spherical at
Aty = 4z% (vertical dashed lines). The data points are taken
from ray and beam simulations: the solid lines are puides to the
eve. For an FEL with § =10m and A =1 pm. y,., = 10
corresponds to 1.8 cm.

0 5 10 15 20

FIG. 4. Evolution of an optical beam in a resonator with z; =
0.1 and right mirror shift As = 0,031, The axes are the same as
Fig. 2. The gray areas are the trajectories of 1000 random rays:
the dotted lines, calculated from beam theory, correspond to the
radius w of the Gaussian mode. The beam remains on axis, but
expands and contracts with successive reflections.
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FIG. 7. Maximum beam radius y,., for fractional focal length

change A f/f of the right-hand mirror at several values of zg.
The minus sign in front of Af/f indicates the focal length is
decreasing. As the focal length decreases, yn., diverges where
the cavity becomes spherical at Af/f = —8z3/(1 + 4z3) (ver-
tical dashed lines). The points are taken from ray simulations and
beam calculations: the solid lines are guides to the eve.
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HicHER-ORDER MoOoDES
IN FREE ELECTRON LASERS

by
B. W. Williams
September 2005

Thesis Advisor: W. B. Colson
second Reader: R. Armstead

Free electron laser theory is developed from the Maxwell and Lorentz force equations;
the properties and characteristics of the laser are reviewed. The wave equation is solved
for the fundamental Gaussian mode, and higher-order modes in Cartesian and eylindrical
coordinate spaces, vielding expressions for the complete and orthogonal basis sets of Hermite-
and Laguerre-Ganssian beams. Motivated by the evident inclusion of higher-order modes
in free electron laser simulations, a tool is developed for the higher-order (in particular
Laguerre-Gaussian) modal analysis of simulated free electron laser beams.

Inl inl

Figure 4.6: Each LG mode carries a different phase factor, causing periodic
interference when multiple modes are combined.
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High-Gain Amplifier
Free Electron Lasers

LT T. Y. Vougks, W. B. Colsea, B. L. Armstead,
1. Blza, and P. P. Croaker

Directed Emergy and Electric Weapons Cenler
Physics Department, Naval Posigraduare School
Maowreray, Califoraia FIR43 US4
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Simulation of Brookhaven FEL ¥

*  Brockheven FEL Design
P sirralated with NPS cosde
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MODELING AND SIMULATION OF THE FREE ELECTEOHN
LASEER AND RAILGUN ON AN ELECTREIC NAVAL
SURFACE FPLATEFOEREM

by
Cscar E. Bowlilin

March Z00aA

Thesis Advisor: William B. Colson
Second Eeader: Eohert L. Armstead
The Freae Electron Laser (FEL)} and Rail Sn are

electric weapons which will require a significant amount of
stored energy for operation. Thes=e tTypes of weapons are
ideal for use onboard an all-=lectric ship. An
investigation iz made of the e=ffects these Wweapons will
have on a proposed electrical system architecture using
simualation modeling. dpecifically, this thesis identifies
possible design weaknesses and shows where further research
and modeling iz nesded in order to ensure the properc
integration of these electric weapons onboard an all-
electric ship. The integration of these electric weapon
svyvstems with the powser =vItems on electric ships will have
an impact on naval operations . Several sSCcenarios
concerning specific naval missions are investigated using
simulation software to understand the impact and

limitations on the electric svyvstem using these new electric

wWeapons .
2 - - — = n T
10 Propulsion power
— Installed power
g - EML charging power
10 JJ_:"--’_‘ FEL suxiliary power __1 EML Pulse
Pulse power from L
= EML supply
-_S o0° b Full spead (30 knots)
=2 i Cruising speed
g |F 20 knots)
w |
= 10 3
g : Pk
I 4 FEL Pulses
s [ [ e = ~
= 10° L ]r charging
g1 | -
P
el
E | L L
o 10 20 30 40 50 B0 70

Time (s)

54



PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 9, 030703 (2006)

Short Rayleigh length free electron lasers

W.B. Colson, I. Blau, R.L. Armstead, P. P. Crooker, R. Vigil, T. Voughs, and B. W. Williams

Physics Department, Naval Postgraduate School, 833 Dyer Road, Monterey, California 93943, USA
(Received 30 November 2005; published 30 March 20006)

Conventional free electron laser (FEL) oscillators minimize the optical mode volume around the
electron beam in the undulator by making the resonator Rayleigh length about one third to one half of the
undulator length. This maximizes gain and beam-mode coupling. In compact configurations of high-
power infrared FELs or moderate power UV FELs, the resulting optical intensity can damage the
resonator mirrors. To increase the spot size and thereby reduce the optical intensity at the mirrors below
the damage threshold, a shorter Rayleigh length can be used, but the FEL interaction is significantly
altered. We model this interaction using a coordinate system that expands with the rapidly diffracting
optical mode from the ends of the undulator to the mirrors. Simulations show that the interaction of the
strongly focused optical mode with a narrow electron beam inside the undulator distorts the optical wave
front so it is no longer in the fundamental Gaussian mode. The simulations are used to study how mode
distortion affects the single-pass gain in weak fields, and the steady-state extraction in strong fields.

DOI: 10.1103/PhysRevSTAB .9.030703 PACS numbers: 41.60.Cr
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FIG. 5. (Color) Simulation results for FEL weak-field gain asa  FIG. 6. (Color) Simulation results for extraction 7 versus nor-
function of normalized Rayleigh length z; (solid blue line). The  malized Rayleigh length zy (solid blug ling). The optimum value
results are compared to a simple theory (dashed red line), which  is z; = 0.3, in agreement with the simple theory, but good
assumes the optical field is in the fundamental mode. The large  extraction is maintained for smaller values of zp. Also plotted
disagreement between the simple theory and simulations for  is the intensity on the mirrors (dashed green line): the intensity
small z, is due to mode distortion. decreases dramatically as the Rayleigh length is reduced.
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HIGH-POWER AMPLIFIER FREE ELECTRON LASERS
by
Tvrone Y. Voughs
June 2006

Thesis Advisor: William B. Colzon
Co-Advisor: Robert L. Armstead

The free electron laser (FEL) 1s among the latest technologies of interest to the
.S, malitary. in particular. the Navy. In naval applications, FEL laser would serve as a
self-defense weapon svstem, protecting the ship from an arrayv of threats including anti-
surface cruise missiles and small boats. This system’ s potential range and deep magazine
makes it ideal as point defense against incoming missiles. Its mexpensive cost of only a
few dollars per engagement and multi-mission capability makes this future weapon
system superior to the short-range muissile-defense systems emploved today. The most
powerful FEL is currently located in Jefferson Lab, operating at 10 kKW, two orders of
magnitude short of the 1 MW power level required for weapons application. This thesis
will describe the components and theory of operation of the FEL. as well as analyze two
competing designs for the next step 1n the eveolution of the future weapon system. the 100
EW FEL, proposed by Brookhaven and Los Alamoeos WNational Labs. Due to advances in
NPS simulation technmigues for the amplifier configuration, a more in depth analysis
including the effects of electron beam tilt and shift 1s performed for the first time on these

proposed designs.
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Figure 21. Brookhaven FEL Extraction Spectrum ] . )
Figure 25. Extraction vs. Electron Beam Shift
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HERMITE-GAUSSIAN MODES AND
MIRROR DISTORTIONS
IN THE FREE ELECTRON LASEIR

Ty
Ricardo Vieil

June 2006

Thesis Advisor: William Clolson
Clo- Advisors Robert Armstead

The free electron laser (FEL) is proposaed to meet the Navy™s nead for a spoeed-
of-light high energy laser weapon capable of engaging a variety of targets including
anti-ship cruise missiles, small boats, and theater ballistic missiles. A key attribute
of FELs is good optical beam quality; in other words, theyv operate in only a few of
the lowest-order transverse Gaussian mowdes, For weapons applications, a good mode
quality is desired because it delivers the highest intensity on target ensuring a high
level of lethality, A few higher-order modes can arise from the interaction of the
electron beam with the optical beam, or from misalignments of the electron beam or
resconator mirrers. High intensity on 'EL optics can lead to mirror distortion due to
heating and insuflicient cooling of the mirror substrate. Mirror distortions, including
astigmatism, can cause higher-order modes to appear affecting FEL performance.
Therefore, it is important to quantify these higher-order modes because doing so
uniquely identifies the optical field and may allow for corrective optics to single ot
the best modes for FEL lethality:

This thesis will review free electron laser theory, and for the first time develop
analytical solutions to quantify Hermive=Gaussian higher-order modes, develop a di-

agnostic for modal analysis, and determine the tolerance limits on mirror distortions.
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American Journal of Physics, Vol. 74, pp. 722-727 (August 2006)

Representation of a Gaussian beam by rays

P. P. Crooker,” W. B. Colson, and J. Blau
Physics Department, Naval Postgraduate School, Monterey, California 93943

(Received 3 October 2005: accepted 7 April 2006)

Although the ray concept is a useful tool for helping students visualize the propagation of light, rays
do not produce diffraction, which is described by wave theory. Nevertheless, it is possible to retain
the ray picture to describe a Gaussian beam if a suitable statistical distribution of rays is used. We
transform the distribution using only ray propagation techniques (no wave theory) and show how a
statistical distribution of rays gives an intuitive picture of a diffracting Gaussian beam as it freely
propagales or 1s focused by lenses. © 2006 American Association of Physics Teachers.

[DOIL: 10.1119/1.2201857]

Fig. 2. Gaussian beam starting at the waist and spreading according to Eq.

(4). The Gaussian widths are dashed lines. The Gaussian curves show f{x); Fig. 3. Freely propagating (Gaussian beam. (a} Gaussians representing
the loops are polar plots of f{f). The shaded area is due to 1000 rays,  f{x|#); the widths are constant but are offset by z# (solid straight lines). The
distributed according to f{x,#) and propagates as straight lines using 13y dashed lines are the center and 1/e limits of the corresponding Gaussian
matrices. As the beam propagates, the spatial width and density of the rays  heam. (b) Polar plots of fi#]x). The distributions f{#|x) are tilted by the
and of flx) fellows Gaussian wave theory, while the angular distibution  anola x/R, which defines the direction of a statistical ray (dashed lines) and
() remains unchanged. is always perpendicular to a wave front (solid arcs).
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Simulations of high-power BNL FEL Simulation
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Mode analysis and mirror
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SIMULATIONS OF HIGH POWER-FEL. AMPLIFIERS*

J. Blau, D. Burggraff, T.Y. Voughs and W.B. Colson
Physics Department, Naval Postgraduate School
333 Dyer Road, Monterey, CA 93943.

Abstract

FEL amplifier simulations have been updated and paral-
lelized, and svstem vibration effects have been added. The
simulations are used to study proposed high-power ampli-
her FELs at LANL and BXL. We look at the single-pass
gain and output power, including the eflects of wiggler ta-
pering, electron beam pinching, and shifting and tulting of

the electron beam.

P(T) 8.7x10%
. . .
123 | 12tz y,2)

[

Ay

=123
-n/2 { 3n/2

Figure 2: Simulation results for the SDL FEL with a -3%
taper rate over the last 2.4 m of the undulator. On the top
is the evolution of the optical power, P(7). On the lower
left is the final electron phase space as described in the text,
with sample electrons shown in red. On the lower night 1s
the final optical wavefront, |a{z, y}|. at the output mirror.

Figure 9 Optical field evolution for the proposed BNL
FEL. Initial conditions are chosen so that the electron beam
is tilted by #, = 0.9 mrad at the center of the undulator.
The tilt appears exaggerated due to the different horzontal
and vertical scales. Notice that the optical mode (narrow
yellow contour line) follows the tilted electron beam (red).
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LAGUERRE-GAUSSIAN MODES
IN THE FREE ELECTRON LASER

by
Anastasios Kampouridis
June 2007

Thesis Advisor: William B. Colson
Co-Advisor: Robert L. Armstead

In a free electron laser (FEL) system, knowing the optical beam
characteristics is of great importance. A beam may be comprised of higher-order
modes due to the interaction with the electron beam, or from non-ideal
operational conditions such as mirror distortions and misalignments, or from
imperfect injection of the electron beam.

In this thesis, the basic FEL theory is initially reviewed. The parabolic
wave equation is then solved for the *fundamental” Gaussian mode and for
higher-order modes. Working in rectangular coordinates, a complete and
orthogonal set of solutions involving Hermite polynomials is found. When the
wave eqguation is solved in cylindrical coordinates, we arrive at a set of solutions
that contain Laguerre polynomials. The so-called Laguerre-Gaussian modes are
analyzed. The evolution of these laser modes is also explored, yielding quite
unexpected results due to their phase structure and orbital angular momentum of
light. Lastly, we study a common case where higher-order optical modes appear,
in order to quantify the tolerances of an FEL.

LGIE a .
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INTEGRATING THE FEL ON AN ALL-ELECTRIC SHIP
by
Charles A Allen IIT
June 2007

Thesis Advisor: Willitam B. Colson
Second Feader: Robert L. Armstead

This thesis examines the feasibility of placing the free electron laser (FEL) on the
all-electric ship. The power required by the FEL and the tolerance of the FEL to
vibrations 1s determined using computer simulations. Methods of reducing the vibrations
using vibration isolation and active alignment are described. The simulations show that
the all-electric ship will provide more than enough power to operate the FEL. The results
also indicate that there must be methods to reduce the effect of ship vibrations in order
for the FEL to reach the desired output power of one to three megawatts.

The thesis also describes the physical dimensions of the FEL as well as its weight
and compares these figures to other ship systems. Owerall the simulations and the
research show that 1t 15 reasonable that a high-powered FEL can be developed for use as a
weapon on the all-electric ship. While developing such a weapon will be an engineering

challenge the capability to do so has been demonstrated.

la(0,y, )l

Figure 12. Optical energy in an oscillator FEL with an electron beam tilt.
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FREE ELECTRON LASER PERFORMANCE WITH
QUADRUPOLE MAGNET MISALIGNMENT FROM
SHIFBEOARD VIERATIONS

by
David Thomas Burggraff
Decernber 2007

Thesis Advisor: Willlam B, Colson
Second Eeader: John W Lewellen

The Free Electron Laser (FEL) has been discussed and studied in the United
States Mavy' s directed energy weapon efforts. The goal of these studies is touse the FEL
as a ship’s primary defensive weapon against incoming threats such as missiles, aircraft
and small boats.

This thesis 15 an analysis of the effects of shipboard vibration on the performance
of an FEL. The focus of this analysis will be on the performance degradation due to
quadnupole magnet misaligiments from ship vibrations and flexing

This study is aimed at improving system design efforts by determining the
sensitivity of an FEL on magnet misalignments due to shipboard wibration and flexing
Srrulations were conducted on the magnets placed along the electron beamn path between
the end of the accelerator and the begmning of the undulator. Summulations within this
study were conducted using the 3D FEL simulator designed and programumed at the Mavy
Postgraduate School and FELEIM designed and managed by Advanced Energy Systems

Z.50
Z.00
1.50
1.00
u]
u]

.50
.00 ks

-0.50
-1.00

-1.50 & i
-2.00 ‘l'— |
-2.50

Magnet shift in ¥ {nmm)

Electron Beam Shift {mm)

Magnet 1 ==lll==lsgnet 2 =—e-—iioonet 5 Magret <4

66



FOUR DIMENSTIONAL ANALYSIS OF FREE ELECTEREON
LASERS IN THE AMPLIFIER CONFIGURATION

by
Juan E. Sans Aguilar
December 2007

Thesis Advisor: WM. B. Colson
Second Eeader: J. Blau

Free electron lasers (FEL's) are devices used worldwilide
for several purposes. In the military, especially in the
Navy, they can be used for self-defense against missiles,
and small boats. Installed on a ship, an FEL represents a
multi-mission, deep magazine, long range weapon. This thesis
will describe briefly the basic components and principles of
operation. It also explores, by simulations, the effects of
changing some of the parameters that generate the laser

beam.
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FREE ELECTRON LASER ANALYSIS FOR THE
INNOVATIVE NAVY PROTOTYPE

by
Darin S. Smith
March 2008

Thesis Advisor: William B. Colson
Co-Advisor: Joseph Blau

Free Electron Lasers are the focus of a recently announce Innovative Navy
Prototype to develop a directed energy weapon system for the self-defense of ships.
Operating in a shipboard environment poses several challenges that must be overcome.
Short Rayleigh length systems offer solutions to some of these problems. Simulations
were performed to examine the benefit of short Rayleigh length designs in the face of
electron beam misalignment. Additionally, simulations were performed to explore the
effect of quadrupole misalignment on electron beam position and trajectory, and

ultimately on FEL performance.
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Short Rayleigh length free electron laser: Experiments and simulations

P.P. Crooker, W. B. Colson, J. Blau, D. Burggraff, and J. Sans Aguilar
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We report experiments at Jefferson National Accelerator Facility (Jlab) and computer simulations
performed at the Naval Postgraduate School (NPS) designed to probe the small Rayleigh length regime.
We compare the gain, power, and sensitivity to mirror and electron beam misalignments as a function of
decreasing Rayleigh length. The agreement is quite good, with experiments and simulations showing
comparable trends as the Rayleigh length is decreased. In particular, we find that the gain and power do
not decrease substantially at short Rayleigh length, contrary to a common Gaussian-mode filling factor

argument. Within currently achievable alignment tolerances, the gain and power are still acceptable for
FEL operation.
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overcome this loss. The dimensional Rayleigh length at z; = 1is
Zy = 1.65 m.
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